In this paper, we propose a simple method to improve the spurious-free dynamic range (SFDR) of a microwave photonic link (MPL). The proposed method is based on a Sagnac interferometer structure; signal output of the Sagnac interferometer consists of two kinds of optical components: the clockwise (CW) modulated optical signal and the counter clockwise (CCW) unmodulated optical carrier. An appropriate situation is then created to satisfy the phase and power ratio condition of the two counter propagating light waves. Eventually, in photodiode, part of the third-order intermodulation distortion (IMD3) component is generated by the CW light wave and another part is generated by the CW sidebands beating with the CCW optical carrier. Under appropriate circumstances, these two kinds of IMD3s have same amplitude but opposing phase; hence, the IMD3 can be cancelled, and an enhanced SFDR is achieved. An experiment is conducted, and results show that, as compared with a conventional MPL, the SFDR of the proposed link is improved by 10.3 dB, and for a 16-quadrature amplitude modulation (QAM) 10-MSym/s signal centered at 15 GHz, the error vector magnitude is reduced by 5.9%.
Introduction
Microwave photonic link (MPL) has attracted great attention because of the excellent performance it holds, such as small insertion loss, immunity against electromagnetic interference, and large bandwidth [1] - [3] . Benefiting from these merits, MPL has played an significant role in applications like cable television systems, radio over fiber (RoF) system and phased array radar [4] . Among various kinds of MPLs, intensity modulation (IM) is widely adopted since the modulated optical signal can be directly detected (DD) by a photodiode (PD) [5] , while the phase modulation link needs to take coherent detection or complex processing to convert the phase modulation sig-nal to intensity modulation signal and eventually recover the desired radio frequency (RF) signal [6] - [8] . In a conventional intensity modulation and directly detected (IM-DD) link, a Mach-Zehnder modulator (MZM) is always adopted to realize intensity modulation, while the inherent nonlinear transfer function limits the fidelity of the output signal.
In order to evaluate the linear performance of an MPL, a multi-tone RF signal is usually used to drive the MZM which is biased at the quadrature transmission point, output signal recovered by PD usually contains not only fundamental signal but also harmonic and intermodulation distortion components. In electronic domain, harmonic distortions can be easily filtered by an RF filter, while it is hard for the third order intermodulation distortion (IMD3) component since it occupies the same frequency band as the fundamental signal [9] . It is IMD3 which greatly decreases the fidelity of the output signal and restricts the spurious-free dynamic range (SFDR) of the link.
Over the past few years, numerous methods have been proposed to suppress IMD3 components and improve the SFDR. Methods based on pre-distortion are proposed in [10] and [11] , in which the input RF signals need to be modified using electronic circuits to compensate for the nonlinear distortion and get a better performance in SFDR, however the electronic circuits restricts the high bandwidth. Digital signal processing technology has also helped to improve the SFDR performance of MPL, benefiting from its flexibility and accuracy, not only IM-DD links [12] but also phase-modulation link [13] can achieve better signal fidelity. The only weakness is its capability of processing broadband signal. All optical linearization scheme is of great potential to enlarge the operation bandwidth. Methods based on optical spectrum processing are simple and efficient [14] - [16] , by using an optical processer based on liquid crystal on silicon (LCoS) to manipulate the phase and amplitude of the certain optical sideband, the IMD3 can be well suppressed, although the SFDR is improved, system incorporates LCoS is costly and the resolution of the LCoS restricts the effective working frequency band. Optical carrier processing is also proved to be beneficial for SFDR improvement [17] , [18] . By using a dual-parallel Mach-Zehnder modulator (DPMZM) or two MZMs, the optical carrier can be controlled to be a specific state, thus the output IMD3 components generated from different origins can cancel each other. Some familiar methods based on polarization modulation in a Sagnac loop have also been reported [19] , [20] , by controlling the power relationship between its two paths, the IMD3 can be suppressed, eventually getting an improvement in SFDR.
Sagnac interferometer is also reported to have applications in modulation format conversion [21] , overcoming bias drift of modulator [22] , constructing polarization-independent modulator [23] , [24] and photonic microwave filter [25] , [26] . Herein, we would like to present a simple linearization technique utilizing Sagnac interferometer to improve the SFDR of a microwave photonic link. In the proposed link, a Sagnac interferometer is used to create appropriate situation which will satisfy the phase and power ratio condition of the two counter-propagating light waves. In the clockwise (CW) direction, the RF signal is modulated onto the optical carrier, while in the counter clockwise (CCW) direction, the optical carrier remains clean due to the velocity mismatch. Under appropriate condition, the IMD3 components generated by the modulated light wave itself have the same amplitude but opposite phase with that generated by the CW sidebands beating with the CCW carrier, hence the IMD3 can be cancelled and achieve an enhanced SFDR. A theoretical analysis is given in the Section 2, and the relevant experiment is conducted in Section 3. Results show that, as compared with a conventional MPL, the SFDR of the proposed link is improved by 10.3 dB, and the IMD3 is suppressed by more than 23.4 dB, the error vector magnitude (EVM) evaluation of a 16-quadrature amplitude modulation (QAM) signal is also carried out, which is 5.9% better than the conventional link.
Theoretical Analysis
The basic topology of the proposed method is shown in Fig. 1 , a light wave from a tunable laser source travels into a 2 × 2 polarization maintaining optical coupler via a polarization controller (PC), then it splits into two light beams travelling in the Saganc interferometer, one light beam travels in the CW direction and another travels in the CCW direction. PC1 is used to align the polarization state to the MZM modulator inside the Sagnac interferometer, the MZM is driven by an input RF signal and biased at the quadrature transmission point. The 2 × 2 optical coupler we used has 4 × 1 m polarization maintaining fiber (PMF) pigtails, the pigtails of the MZM are also 1 m long PMF, while pigtails of PC are 2 × 1.3 m single mode fiber (SMF).
In the CW direction, the light wave travels into the MZM. PC1 is used to control the power ratio between two directions since it can change the polarization state of the CW light and causes the polarization dependent loss in MZM. Since a certain loss has been induced to the system, the output optical power will degrades which will cause the reduction of the output RF power, normally, this problem can be solved by using an erbium-doped fiber amplifier (EDFA) to compensate for the loss. In the CCW direction, PC2 is placed behind the MZM to induce a polarization dependent phase shift, according to the previous report [27] , Sagnac interferometer structure is proved to be able to provide a relative optical phase difference ϕ between the two direction travelling lights in the same path. Due to the velocity mismatch effect in the LiNbO3 travelling wave electro-optic modulator, the modulation efficiency is very low when driven by a high frequency in reverse direction, hence the CCW light wave passed through the MZM will contain an optical carrier and very small sidebands. When frequency of the driven RF signal over 10 GHz, the optical sidebands of the CCW light wave is negligible compared to that of the CW light wave. Since the two directions travelling light waves travel in exactly the same path, then the phase difference between the two light waves is stable and not sensitive to the environmental perturbations, the only problem need to be concerned is the polarization state, which can be weaken by adopting polarization maintaining devices and carefully adjusting PCs. Still, we would like to point out that it is not recommended to adopt PC inducing phase difference between two direction light waves, as it will make the link sensitive to polarization state perturbation, so polarization-independent link is recommended by using a non-reciprocal optical phase shifter (NOPS) [22] , [28] , NOPS is a device which can provide phase shift while not change the polarization state of the light travelling through it.
In our proposed method shown in Fig. 1 , the tunable laser source (TLS) provides an optical carrier at angular frequency of ω c , the MZM is driven by a two-tone RF signal at angular frequency of ω 1 and ω 2 , in the CW direction, the optical field output of the MZM can be expressed as
where E i n represents the amplitude of the optical carrier output of the TLS, V π is the RF half-wave voltage of the MZM, V b is the bias voltage applied to the MZM, V RF is the amplitude of the input two-tone RF signal and α represents the total loss of the light wave travels in the CW direction, mainly including the insertion loss and polarization dependent loss. In the CCW direction, the optical field output of MZM in the reverse direction can be expressed as
where γ is the total loss of the light wave travels in the CCW direction. ϕ is the phase shift induced by the Sagnac interferometer structure. η represents the modulation efficiency which is very small due to the velocity mismatch. Usually the modulated optical sideband in the CCW direction is much lower than that of the CW direction which makes it neglected in the following analysis; therefore, (2) can be simplified as
In order to ensure the modulation efficiency, the working point of the MZM is biased at the quadrature transmission point. Under that condition, in the output of the Sagnac interferometer, two light waves in opposing direction combine together and the optical field can be expressed as
Using Bessel expansion, (4) can be further expressed by
where m = πV RF /V π is the modulation index, ψ= πV b /V π is the bias angle of the MZM, and here, ψ= π/2, J P (
) and J q (
) are the Bessel function of the first kind of order p and q. Ignoring the higher order harmonic and intermodulation terms, the electronic IMD3 components generated from three optical spectrum components beating with each other, which are optical carrier band (OCB), two first-order optical sidebands (1-OSBs) and two second-order optical sidebands (2-OSBs), as illustrated in Fig. 2 , in which, the symmetrical 1-OSBs and 2-OSBs are hidden along with three and higher order harmonic components.
We can deduced from (5) that OCB consists of two parts, the CW direction OCB contains optical carrier ω c together with ω c + ω 1,2 − ω 2,1 , while the CCW direction OCB contains just pure optical carrier with controllable phase. The 1-OSBs consist of fundamental and odd-order distortion components, the 2-OSBs consist of even-order nonlinear components. With photoelectric conversion, IMD3 is generated by the different optical frequency components beating with each other, which are ω c beating with ω c + 2ω 1,2 − ω 2,1 , ω c + ω 1,2 − ω 2,1 beating with ω c + ω 2,1 and ω c + 2ω 1,2 beating with ω c + ω 2,1 separately.
For the output electrical signal generated by CW light wave, ignoring the high order items, it can be mathematically given as where is the responsivity of the PD, P 0 is the ideal optical power without attenuation, the first part of (6) denotes the recovered fundamental electrical signal, and the second part represents the IMD3 components which contains three parts as we have described in the previous paragraph. For the output electrical signal generated by CCW optical carrier and CW sidebands, it can be expressed as . (10) Under this circumstances, the IMD3 components can be effectively suppressed and the eventually output fundamental signal will be
The illustration of the principle is shown in Fig. 2 , we can see from the figure, when the CCW optical carrier has an opposing phase to the CW optical, then in PD, the IMD3 components generated by the CW carrier beating with the 1-OSBs and 2-OSBs also have an opposing phase to that generated by the CCW optical carrier beating with the 1-OSBs, so they can cancel with each other. Meanwhile, part of the fundamental signal will also destructively combined, leaving a clean residual fundamental signal. Actually, since the two direction light waves travels the same length, the interference will happen in the junction of the 2 × 2 coupler, that is to say, in our system, when the phase difference between the two optical carriers is π, they will interference cancellation and leave a phase reversed optical carrier. By controlling the amplitude of the phase reversed optical carrier, the generated two kinds of phase reversed IMD3 components will have the same amplitude and thus destructively combined, then we can get the pure fundamental electrical signal.
Experimental Setup and Results
In order to verify the effectiveness of the proposed scheme, an experiment based on Fig. 1 is conducted. In the experiment, a tunable laser source (TLS, NKT photonics) is used to provide a light wave operating at 1550 nm with the power of 30 mW. An optical circulator (OC) is placed after the TLS in order to export the light wave output of the Sagnac interferometer in the backward direction. PC1 is placed in front of the Sagnac interferometer in order to change the polarization state of the CW light wave entering the modulator, then a polarization dependent loss is induced. A MZM (Eospace, 18 GHz) is placed inside the Sagnac interferometer, the half-wave voltage of the MZM is 3.4 V, and the working state is manually controlled at the quadrature transmission point. PC2 is used to introduce a polarization dependent phase shift in the CCW direction as have proved in [27] . An EDFA working at APC mode is used to amplify the light wave output of the Sagnac interferometer. Since the minimum output power from EDFA is still too high for the PD (MITEQ Scmr-100M18G), a variable optical attenuator (VOA) is placed after the EDFA to control the optical power. The attenuated optical signal is then sent into the PD and the recovered electrical signal is evaluated by using an Electrical Spectrum Analyzer (ESA, Agilent E4440A).
Performance of a conventional microwave photonic link is firstly tested for comparison, the link is comprised of a TLS, a modulator and a PD, which are used in the proposed scheme. The input optical power is set to be 20 mW, which is slightly lower than that in the proposed link, this is because in the proposed link, higher optical power can compensate for the insertion loss brought by flange connectors and help to control the noise floor which would be lifted by the use of EDFA [29] .
The MZM is biased at the quadrature transmission point, a two-tone RF signal centered at 15 GHz with a frequency separation of 100 MHz is applied into the MZM. The spectrum of the RF signal is captured by the ESA, as shown in Fig. 3(a) , the carrier-to-interference ratio (CIR) performance is measured to be 44.0 dB for an input RF power of 6 dBm.
Then, we measured the CIR performance of our proposed link, VOA is adjusted to make the optical power the same as the conventional link, which is 2.6 dBm. The CIR is measured to be 67.4 dB, as can been seen in Fig. 3(b) , the IMD3 components is significantly suppressed, and the CIR performance is 23.4 dB better than that of the conventional link.
Meanwhile, the SFDR performances of the two MPLs are measured. For the conventional MPL, the SFDR is 97.8 dB @ 1 Hz bandwidth with a noise floor of -143.1 dBm/Hz as shown in Fig. 4(a) . For the proposed link as shown in Fig. 4(b) , with IMD3 suppression, the SFDR is calculated to be 108.1 dB @ 1 Hz bandwidth under the noise floor of −143.1 dBm/ Hz. We can see from Fig. 4 , the SFDR of the proposed link is 10.3 dB higher than that of a conventional link.
In order to test the transmission ability of the link, the vector signal transmission performance has been evaluated. With the same experiment setup in Fig. 1 , the modulator is driven by 10-MSym/s 16-QAM signal at 15 GHz from a vector signal generator (VSG, Agilent E8267D), the recovered signal is also sent into the ESA and analyzed by Agilent VSA software for demodulation. From Fig. 5(a) , we can see that the overall EVM values of both links increase as the input RF power increases after 15 dBm, while the conventional MPL increases much faster than the proposed link. The precise EVM performance is measured when the input RF power reaches 19 dBm, the measured EVM values for conventional MPL and the proposed MPL are 19.6% and 13.7% respectively. The corresponding constellations and RF spectrum are also recorded as shown in Fig. 5(b) and (c), it is obvious that the qualities of the constellation and spectrum are greatly improved.
Note that we still recommend using NOPS to replace PC as it can create an ideal environment which is not sensitive to polarization perturbation and achieve a variable phase shift, so that the IMD3 components can be totally suppressed and the slope of the IMD3 in Fig. 4(b) will be much larger. The PD we used in the experiment has a built-in electrical amplifier, its typical noise figure is 19 dB @ 15 GHz, that leads to the relative high noise floor in the experiment.
Conclusion
In conclusion, we propose a simple method to improve the SFDR of MPLs by utilizing Sagnac interferometer structure, the phase and amplitude of two direction light waves are properly set to satisfy the IMD3 cancellation conditions. Detailed theoretical analysis has been given and experiments have been carried out to verify the theory. Results show that an SFDR of 108.1 dB @ 1 Hz bandwidth is achieved, realizing 10.3 dB higher than the conventional MPL. For a 16-QAM 10-MSym/s signal centered at 15 GHz transmission test, the EVM decreased by 5.9%.
